Introduction
As tundish represents the important link between the batch steelmaking and the continuous casting process, it receives liquid steel from the ladle and delivers the same into the mold(s) after attaining a particular bath height in the presence of a slag layer constantly and continuously. Fluid flow in a tundish is very complex in nature i.e. highly turbulent at the inlet and outlet region and very weak near the solid walls. The flow is three dimensional with strong spatial variations and hence, it can not be characterized by a single value of the residence time, e.g., there is a distribution of the residence time meaning that different volumes of the fluid spend different times in the tundish. It may be noted that tundish is the last refractory lined reactor, which handles molten steel prior to solidification and thus offers an opportunity to perform certain metallurgical operations. As majority of metallurgical operations are governed by heat and mass transfer, consequently, the nature of the fluid flow (viz., spatial velocity distribution, turbulent kinetic energy, etc.) influences tundish performance considerably. Therefore, a detailed knowledge of melt flow parameters and RTD in a steelmaking tundish is prerequisite in order to assess the suitability of any given metallurgical operations.
An important way to qualitatively assess fluid flow in tundish is through the study of residence time distribution (RTD). Occasionally, RTD measurements are also applied to directly assess the reliability of the hydrodynamic model developed. Consequently, numerous studies have been reported in the literature 1) on fluid flow and RTD in steelmaking tundish. A vast majority of these studies were, however, restricted to a single or two-strand slab caster under isothermal conditions. Thus, not much information on multistrand tundish regarding fluid flow and RTD is available in the literature. In physical model studies of multi-strand tundishes, experimental data on RTD were typically measured and reported for individual strands only. [2] [3] [4] [5] [6] From such measurements the proportions of various flow volumes (e.g., dead, plug, well mixed, etc.) cannot be directly estimated, since many of concepts applied to evaluate concentration vs. time curves (C curves) for single strand tundish system cannot be extrapolated to multi-strand tundish systems in a straight forward fashion. As a consequence of these considerations, modified procedures are required for evaluating the set of C curves and hence the RTD parameters, for a multi-strand tundish. Thus the objective of the present paper is decided to provide a basis for the systematic hydrodynamic analysis of a multi-strand steelmaking Despite significant work done till date on single/dual strand tundish (those applied to slab casting) not much information on an equivalent multi-strand tundish (which are of significance to billet casting) is available regarding residence time distribution (RTD) measurements and its analysis. The proportions of various flow volumes estimation (e.g., dead, plug, well mixed, etc.) on the basis of a single/dual strand tundish cannot be directly extrapolated to a multi-strand tundish from its individual strand data only. In the present study, therefore, the principle and the methodology underlying the derivation for concentration vs. time curves (C curves) of a multi-strand tundish is addressed to provide a basis for the evaluation of RTD parameters. To this end, several experiments in a four-strand water model tundish were carried out for RTD measurements and estimation of associated flow volumes. The tracer dispersion experiments were performed by injecting potassium chloride (20 mL solution) as a pulse into the submerged inlet stream and the variation of conductivity of water caused by the differential mixing of the injected tracer into the bath were recorded continuously at the exits of the water model tundish with a 75 L volume. These conductivity values of individual strands were converted into corresponding concentrations, and the dimensionless concentrations were plotted against dimensionless time to derive the characteristic C curves. The individual C curves effect the strand to strand variations whereas the overall C curve (average of individual C curves) is used to determine the flow volumes in a multi-strand tundish system. tundish system.
Derivation of RTD Parameters for a Multi-strand Tundish
Assuming the inlet volumetric flow rate (Q) divided through all "N" strands is identical (q) under steady state and total mass of the injected tracer at the inlet is M. The left-hand side of the expression (9) is the overall RTD function for multi-strands, which is the average of individual RTD functions as expressed via the bracketed quantity on the left-hand side of Eq. (8) . The individual RTD function is thus defined as the parameter c i (t)Q/M. Therefore, a characteristic C curve can be readily derived for the given tundish from the individual strand data since E(t) is directly proportional to the concentration, c (Q and M being constant) in the tundish system. Figure 1 shows a schematic of the complete experimen-
Experimental Set-up
tal set-up for tracer dispersion measurement. It consists of a model tundish, water supply system, tracer injection and data acquisition devices.
Model Tundish
The present water model tundish is based on the Froude number similarity criteria and the characteristic parameters of industrial and model tundish have already been tabulated in the previous publications. 7, 8) The geometry of the model tundish is shown in Fig. 2 . It is fabricated from a 10 mm thick Perspex glass sheet. The tundish has rectangular cross-section and having all sidewalls inclined by 10°with the vertical. The base dimension is 1 000 mmϫ230 mm and height is 365 mm. The maximum capacity is 0.116 m 3 . Four nozzles of diameter 7 mm each are provided at the centre of the base of the tundish. The tundish is provided with grooves so that flow control devices (FCDs) such as dam, weir, and slotted dam can be inserted at any desired location as shown in the figure. The slotted dam was made by 12 mm thick Perspex glass sheet. Figure 3 shows a schematic of the slotted dam. Thirty-two holes of 12.7 mm diameter were drilled at an inclination of 27°(upward) with the horizontal. The holes were arranged in six columns for initially four rows from the base and eight columns for further two rows as shown in the figure.
Water Supply
Water supply in all the experiments was obtained from a 1 000 L-water storage tank. From the storage tank, water was transferred into a 500 L capacity of cylindrical vessel, which was placed 400 mm above the tundish. A 4 mm diameter of glass tube was mounted outside the vessel to indicate the water level in the cylindrical vessel. The water level in the cylindrical vessel was maintained constant during the experiment. At the bottom of the vessel, a gate valve (V3 in Fig. 1 ) with a 250 mm long pipe (hereafter termed as collector pipe) was provided to control the water flow rate into the tundish. The water from the tundish exit was recirculated or drained via a tray placed below the tundish as shown in Fig. 1 . The recirculation or drainage of water was achieved by gate valves (V4 and V5), which were provided near the base of the tray.
Tracer Injection
Potassium chloride (KCl) was used as a tracer in the present study. Tracer was injected into the inlet stream in the form of a pulse and its distribution was measured within and at the exits of the tundish. Tracer injection was done by a plastic syringe, which was placed in between the collector pipe and a pneumatically operated cylinder-piston assembly, which was mounted on a steel plate as shown in Fig. 1 . Air supply to the cylinder-piston was controlled by a solenoid valve. Figure 4 shows the self-designed reference and main probes for online measurement of electrical conductivity of water. Two rectangular cross-section of equal and identical platinum foils (7 mmϫ7 mm and thickness 0.1 mm) were fixed to the inner surface of Perspex glass (rectangular sheet for reference probe and cylindrical tube for main probes), which were opposite to each other. The outer surface of the platinum foils was spot welded and extended firmly to avoid any tension in the copper wires as shown in the figure. Thus the cell constant of these self-designed probes was maintained within the range of 0.9 to 1.0, which was defined as the length between two platinum foils divided by the effective area between them. One end of the main probe was externally threaded to install itself at the tundish base holes (exits). Similarly, the reference probe was installed in the cylindrical vessel just above the inlet stream region as shown in Fig. 1 . Each platinum probe was fixed to a separate conductivity meter. In order to eliminate the polarization effects caused by the alternating current, the platinum foils were coated with a layer of finely divided platinum black. This was carried out by electrolysis of a solution containing 1 % platinum chloride and 0.02 % of lead acetate. The following procedure was adopted for platinization 9) : • The old coating was stripped off with the aqua regia solution and was rinsed with distilled water.
Data Acquisition System

Probes Design and Preparation
• A solution containing 100 mg platinum chloride and 1 mg lead acetate in 30 mL of distilled water was prepared.
• The probe with platinum foils was immersed in the above-prepared solution and D.C. current of density 2ϫ10 Ϫ4 A mm Ϫ2 was passed for 10 min in one direction and then reversed for the same period.
• The foils were rinsed in distilled water and immersed in 5% solution of H 2 SO 4 . The current of the same density as mentioned above was passed for 10 min in one direction and for another 10 min in reverse direction.
• The foils were rinsed in distilled water and thus the probe was ready for use.
• When the probes were not in use, these were kept immersed into distilled water.
Probes Calibration
The calibrations of the conductivity measuring probes were performed by using a 0.1 N potassium chloride solution. The probe was immersed into 0.1 N solution and the cell constant knob was adjusted to match the conductivity value given by conductivity meter with the known conductivity value. The potassium chloride solutions of different concentrations, 1ϫ10
Ϫ2
, 5ϫ 10
Ϫ2
, and 6ϫ10 Ϫ2 g/L were prepared by using tap water. The conductivity of these solutions was measured with the main probes and that of tap water with reference probe. It was carried that temperature of solutions and tap water was maintained identical during conductivity measurements. The conductivity of solutions due to potassium chloride (i.e., obtained by subtracting conductivity of tap water from the conductivity of potassium chloride solutions) was plotted against the concentration of solution as shown in Fig. 5 In the above equation, c is in g/L and W is in ohm Ϫ1 cm Ϫ1 . The variation of temperature of water within the experimental range of 22°to 27°C was found to have no effect on the above correlation. Whenever the platinum foils of probes were recoated with platinum black, the calibration was repeated.
Analog-Digital Converter
The online millivolt signals thus generated by these conductivity meters were fed to the microcomputer through the individual channel of an analog-digital converter, ADC (ADVANTECH-PCI-1711) interface card. There were 16 input channels available on the ADC card. There was an inbuilt filter circuit for rejecting the input noise. The analog input voltage range was 0 to Ϯ40 mV. The provision was there for amplifier gain selection of 1, 10 or 100. The sampling rate of the ADC was taken five samples per second in the present study. Software was developed for data collection and processing. Data were stored into arrays and transferred into data files. These data were processed further to obtain a C curves.
Experimental Procedure
The filled syringe with the 20 mL solution of potassium chloride (strengthϭ200 g/L) was placed in between the cylinder-piston assembly and collector pipe, with its needle inserted into the brace tube of the collector pipe as shown in Fig. 1 . The head of the piston of cylinder-piston assembly was moved forward to make it just touch the plunger of the syringe. In the storage tank, water was filled upto the required level, wherefrom water was pumped into the overhead cylindrical. The water from cylindrical vessel was further supplied to the tundish and recirculated via the tray into the storage tank. Water levels in the cylindrical vessel (800 mm) and in the tundish (260 mm) were maintained with the help of valves V2 and V3 respectively. The recirculation of water was continued for 15 min to establish a steady state flow field in the tundish. Consequently, the pulse injection of tracer was performed by the switch provided on the solenoid valve as shown in Fig. 1 . After tracer injection, the differential conductivity of water at the exit was recorded continuously on the microcomputer for 20 min duration (ϳ2.5 times the theoretical residence time). On the completion of the experiment, the water flow into and out of the tundish was stopped. The tundish water was then stirred thoroughly to mix the tracer uniformly and the average conductivity of water (tundish bath) was measured. This value of conductivity was later used to determine the amount of residual tracer left in the tundish after the com- pletion of experiment (M r ).
Results and Discussion
Several experiments were performed to understand the fluid flow and the variations of concentration of tracer dispersing into water flowing in a four-strand tundish with and without flow control devices (FCDs) for single phase system. The experiments (run no. 1 and 2) were conducted for the bare tundish whereas experiments (run no. 3) were performed in the presence of slotted dams which were symmetrically placed 0.97 m both sides of the ladle shroud (i.e., inlet stream of 0.02 m dia.). In all the experiments, the operating bath height was maintained 0.26 m with the volumetric flow rate of 1.55ϫ10 Ϫ4 m 3 s Ϫ1 and the submergence depth 0.04 m.
All the conductivity vs. time data recorded by data acquisition system during experiments was used to calculate tracer concentration vs. time, net outflow of tracer and to obtain a normalized C curve. In all such cases, the conductivity values were converted into concentration by Eq. (10). The mean residence times (t) and the variances (s 2 ) were calculated from experimental data according to following expressions and listed in Table 1 for three runs (it may be noted that suffix 'i' in the left side of the Eqs. (11), (13) The percentage of total amount of injected tracer recovered, M R (%), was calculated by expression (22) and tabulated in Table 2 . It can be seen that 91-94 % of the total amount of the tracer injected could be recovered. Small percentage loss of the tracer, Derror, (i.e., 6-9 %) was considered to lie within the range of acceptable error during experiments. Figure 6(a) represents the individual C curves of one half of the four-strand bare tundish (run no. 1) whereas the overall C curves of both halves of the four-strand bare tundish (run no. 1 and 2) are presented in Fig. 6(b) . As seen, the short-circuiting phenomena appeared in the inner strand of the four-strand bare tundish. The overall C curve for one half (derived from two individual C curves lying on one half of the tundish) of the tundish is almost identical to the other (see Fig. 6(b) ). This indicates that the flow is symmetrical with respect to the inlet stream of the tundish. Moreover, these shows that due to symmetry flow, the two identical C curves of only one half can be taken as representative C curves for overall tundish (since the other pair can be deduced automatically). It is interesting to note that the overall C curves (a combination of the individual C curves) also
show the short-circuiting in the system. Figure 7 shows the effect of slotted dam on RTD parameters (run no. 3). In this case, the short-circuiting phenomenon is eliminated, which is confirmed by the appearance of a single peak in "C" curve for each individual strand. It can be seen from the Fig. 7 that the use of slotted dam is somewhat superior in comparison to bare tundish. The C curves for both the strands are almost similar, which further confirm that the strand to strand variations in a four-strand tundish is expected to be very small strand variations (chemistry and homogenization of the alloying elements in the cast product) during the continuous casting processes. Also the minimum breakthrough time and mean residence time are significantly increased in case of slotted dam (viz., run no. 3 in Table 1 ). In the present study two different shapes of C curves were obtained. One of these curves is characterized by the presence of two peaks (for example, in case of bare tundish, see Fig. 6 ) and the other characterized by a single peak value of concentration (i.e., in the presence of slotted dam, see Fig. 7 ). The corresponding flow characteristics of the C curves are shown in Figs. 8(a) and 8(b) respectively. Based on preceding discussion on this therefore suggests that four types of flow regions are associated with the tundish system such as short circuited region, plug flow, mixed flow and dead flow region. Quantitatively the short-circuiting volume (V sc ) was determined from the area bounded by the first © 2007 ISIJ Table 2 . Mass balance of the tracer injected into the tundish. peak value of concentration of C curve according to Singh and Koria. 10) It was observed that q min ≠q peak for all experiments due to the presence of a considerable axial or longitudinal diffusion in the tundish system. Also, it was observed that all the C curves have a long tail. Sahai and Emi 11) demonstrated that appearing a long tail in the C curve beyond two times of the mean residence time (q) was simply due to the effect of dead volume but recently Zong et al. 12) suggested that the tail data is derived not only from the dead regions, but from the exponential edge caused by extensive mixing and they applied qϭ2.5 for the estimation of q mean throughout their experiments.
The performance of a multi-strand tundish can be characterized, (i) by the different associated flow volumes on the basis of overall C curve and (ii) by strand similarity on the basis of individual C curves. The RTD parameters, which were derived from the C curves, are used to establish the associated volume fractions in the tundish. The quantity Q a /Q was the fractional volumetric flow rate through the active region and was numerically equal to the area under the curve between the bounds qϭ0 to qϭ2.5 (except bare tundish). All the associated volume fractions derived from the average overall C curve (run no. 1 through 3) for a multi-strand tundish are listed in Table 3 . It may be noted that the insertion of slotted dam into the tundish modifies the flow pattern and improves its performance (short circuited region is eliminated and dead volume is significantly decreased).
Conclusions
The overall C curve of a multi-strand tundish is derived by the average of all individual strand data as a function of time. The performance of a multi-strand tundish can be characterized by both, the different associated flow volumes on the basis of overall C curve and the strand similarity on the basis of individual C curves. In the present study two different shapes of C curves were obtained. One of these curves is characterized by the presence of two peaks and other by a single peak value of concentration. The first type of C curve is due to short-circuiting of flow in the bare tundish. Use of flow control devices such as slotted dam eliminates the short-circuiting phenomena and improves the flow pattern in the multi-strand tundish.
